We present polarization measurements at 8.4, 22, and 43 GHz made with the VLA of a complete sample of extragalactic sources stronger than 1 Jy in the 5-year WMAP catalogue and with declinations north of −34
the Torun 32 m (Gawronski et al. 2009 ), while for the Cosmic Background Imager experiment high frequency observations were made with the OVRO 42 m and GBT of sources selected at 1.4 GHz (Mason et al. 2003; Mason et al. 2009) . Alternatively, population models based on extrapolations from lower frequency catalogues can be used statistically to ameliorate the effects of the extragalactic source foreground.
Although large-scale blind surveys at high frequencies are difficult to do, because of the small field of view at high frequencies, there are a number of both blind and pointed surveys in existence. The southern hemisphere has been completely surveyed by the AT20G survey (Ricci et al. 2004) , which has been conducted with the Australia Telescope Compact Array (ATCA) at 18 GHz down to a limiting flux density of 50 mJy. A detailed study of brighter sources in this survey has been presented by Massardi et al. (2008) . The whole sky has been covered to a brighter limiting flux density of about 1Jy by WMAP at a number of frequencies ≥20 GHz (Wright et al. 2009 ), and smaller areas of the northern sky have been covered to greater depth by surveys such as the 15-GHz 9C survey (Waldram et al. 2003) . These surveys generally find that sources that are bright at high frequencies have complex spectra.
About 30% are significantly inverted (Ricci et al. 2004) , and the mean spectral index around 20-40 GHz tends to be around zero, generally steepening at higher frequencies Massardi et al. 2008; Vol'Vach et al. 2008 ).
There is some evidence that the spectra of most sources turn over by 95 GHz ) but in general extrapolation to both higher frequencies and to lower flux density levels is needed in order to realistically simulate the CMB discrete foregrounds (e.g. Waldram et al. 2007) . Importantly, there is convincing evidence that the mix of flat and steep spectrum sources changes with flux density. This is a prediction of beaming models (e.g. Orr & Browne 1982; Wall & Jackson 1997) . There is also direct observational evidence provided by Gawronski et al. (2009) that the proportion of steep-spectrum sources with extended radio emission increases from ≤20% in a WMAP 22-GHz sample to ≥50% in Ryle-selected 15-GHz sample which has a flux density limit about two orders of magnitude weaker than that of the WMAP sample. Thus care must be taken when extrapolating to both higher frequencies and lower flux densities. The sensitivity of instruments such as Planck require this to be done as accurately as possible, and hence it is important to base the models on as firm an observational footing as possible.
The situation with polarized foregrounds is less developed but it is becoming urgent to solve because inflation models make different predictions for the strength of B-modes in the CMB polarization distribution. A heroic effort is going into experiments to detect B-modes. These include Planck and ground-based projects like QUIET (Samtleben 2008 ) and the balloon-borne experiment SPIDER (Montroy et al. 2006) . All CMB observations are technically challenging because they rely on extreme stability of the equipment and on meticulous subtraction of foregrounds to get at the true distribution of the CMB fluctuations. The detection of the B-mode signal will be particularly difficult (though just how difficult depends on its strength which varies over a wide range depending on the inflation model). For scalar-to-tensor ratio r=0.01, the peak signal (at around 1
• scales) is ∼30nK. B-mode experiments operate at high frequencies (e.g. QUIET: 44 and 90GHz; Spider: 90, 145 and 220 GHz; PLANCK 30, 70, 100, 143, 217 and 353 GHz) . Hence observations at the highest frequencies possible are desirable. Estimates of synchrotron source total intensity contamination have been made by extrapolating from observations made at 1.4 and 5 GHz (e.g. Tucci et al. 2004 ). The current best-guess models are presented by Toffolatti et al. (1998 Toffolatti et al. ( , 2005 . However, additional assumptions need to be made if the polarized foreground is to be characterized; one needs to know about the high frequency polarization properties of sources. Ideally one would like direct observations of polarized source counts but this is impractical. An alternative is to use high frequency total intensity source counts and a knowledge of how the percentage polarizations of sources change with both frequency and flux density to predict polarized source counts.
The work reported in this paper is the first phase in a programme aimed at improving knowledge about the polarization properties of radio sources at high radio frequencies. We begin with bright sources from the WMAP sample of Wright et al. (2009) which have S 22GHz >1 Jy. In this work, all but four of the sample of 203 WMAP sources with flux density of ≥1 Jy at 22 GHz and with declination δ > −34 have been imaged with the VLA in total intensity and polarization. The second phase of our programme will be to measure the polarization properties Polarization of WMAP point sources 3 of a high frequency-selected sample of much weaker sources designed to look for any dependence of polarization properties on flux density. Given that Gawronski et al. (2009) find that the population mix changes with flux density there is every reason to expect that average polarization properties also change.
OBSERVATIONS AND DATA REDUCTION
Observations were conducted using the VLA in D-configuration between 01.40 and 19.30 UT on 2008 August 1. During this period 16 antennas were equipped with EVLA receivers while the remaining 11 had original VLA receivers. Each source was normally observed at three frequencies: two 50-MHz bands centred on 8.4351 and 8.4851 GHz (X-band), two 50-MHz bands centred on 22.4351 and 22.4851 GHz (K-band), and two 50-MHz bands centred on 43.3149 and 43.3649 MHz (Q-band). Pointing calibration was carried out approximately every 15-20 minutes. The available time allowed observations to be made of all the sources at 22 GHz and 43 GHz, and approximately two-thirds of the sources at 8 GHz. Four sources (WMAP 0823+224, WMAP 0824+392, WMAP 1014+231 and WMAP 1840+797) were missed during the observations, leaving a total of 199 sources out of 203 with attempted measurements. The source 3C48 was observed in order to provide an additional flux and polarization calibrator; the primary flux and polarization calibrator, 3C286 (WMAP 1331+305) was already part of the sample. Additionally, three much weaker sources from the 9C survey were also observed as a pilot for a future observing programme aimed at much weaker sources.
The nominal time on each source was 37 seconds at 8 GHz, 30 seconds at 22 GHz and 80 seconds at 43 GHz, giving a theoretical rms of 0.2, 0.5 and 0.7 mJy/beam, respectively, for natural weighting. However, the rms noise in most images is typically greater than this, being between 1 mJy/beam and 2 mJy/beam in the majority of images. This is partly due to the use of uniform weighting during the imaging process, which increases the noise level typically by factors between 1.2 and 1.5. However, in particular, 8-GHz observations were affected by a combination of missing antennas and slightly longer than predicted slew and setup times on many sources. A sampling time of 3 seconds per integration was used, the minimum allowed by the observing system.
All data analysis and processing was carried out in the aips package, distributed by the US National Radio Astronomy Observatory. Data were examined and flagged manually. The 22-GHz data were relatively clean, but extensive flagging of bad telescopes was performed source by source on both 8-GHz and 43-GHz data, resulting in the removal of up to half of the data on any given source. The major problems were loss of correlation on some telescopes during setup at the beginning of a scan, together with intermittent bad data on many individual telescopes.
Overall amplitude calibration was performed using observations of the source 3C286 at each frequency and normalising to the flux scale of Baars et al. (1977) . Amplitude and phase solutions were made using the sources stronger than a limiting flux density; the process was iterated, adjusting this limiting flux, until the amplitude and phase solutions appeared to vary in a coherent manner. Amplitude solutions were smoothed using an averaging time of 1 hour for 43 GHz and 0.1 hours for the other frequencies. In the case of the 8-GHz observations, a further calibration was made, again using a standard model for 3C286, for baseline-dependent offsets. This was necessary because of the mixture of receivers in the array, approximately equally distributed between old (VLA) and new (EVLA) receivers.
Polarization calibration was then carried out. Telescope polarization offsets were calibrated by use of the source 3C84, which was assumed to have zero polarization. This assumption is correct for the level of accuracy required here: Taylor et al. (2006) report levels of <0.1% polarization in the core of the source at frequencies less than 22 GHz, with approximately 0.2% at 22GHz, and a somewhat higher level (0.8-7.5%) in the weak mas-scale jet component. The overall level of polarization in 3C84 is likely to be about 0.1%. 3C84 was not observed at 8 GHz.
In this case the source 0125−001, a bright point source for which no significant polarization was detected in either 22-GHz or 43-GHz observations, was used instead. The polarization position angle was calibrated by use of the 3C286 data, applying corrections to the R−L phase difference to rotate the 3C286 polarization position angle to Figure 1 . Estimates of the Stokes parameters Q and U for the mapped sources, in mJy, for the two methods described in the text (fitting to the images and to the (u, v) data). In each case, Q, in mJy, is the abscissa and U , in mJy, is the ordinate, and lines on the plot join the (Q, U ) coordinates of the first measurement to those of the second. Note that for most sources the methods agree well and the lines are relatively short. In cases of disagreement we provide a note in Table 2 explaining the choice of polarized flux densities used in the data tables.
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• . The baseline-to-baseline scatter in this quantity was 0.6, 3.3 and 8.5 degrees for 8 GHz, 22 GHz and 43 GHz respectively.
Imaging was performed using the AIPS task IMAGR with uniform weighting, on a default 128×128 grid and cellsizes of 1.
′′ 8, 0. ′′ 7 and 0. ′′ 35 for 8 GHz, 22 GHz and 43 GHz respectively. For strong sources (roughly speaking, those containing sufficient flux density to have been used as phase calibrators), one iteration of phase-only self-calibration and one iteration of amplitude self-calibration was applied. Final total intensity images were produced using 1000 clean iterations (Högbom 1974); images in Stokes Q and U were produced using a limited number (40) of iterations to avoid reduction in the signal due to clean bias (e.g. Condon et al. 1998 ).
Estimation of the Stokes I, Q and U flux densities was performed in two ways. The first method consisted of fitting to the calibrated (u, v) data, constraining the fit by fixing the position to the peak of the I map, constraining the intrinsic size of the peak component to be < 1 ′′ , but allowing the Q and U flux density to vary. Constraints are necessary to avoid instability in the fits due to noise in the polarization data. The alternative method consisted of finding, and fitting to, the highest absolute value in the Q and U images, within a square of side 10 pixels. Neither method is ideal. Fitting to the (u, v) data has the advantage of independence from effects due to deconvolution, notably the effects of clean bias. On the other hand, stabilising the fit requires fixing the peak of the Stokes Q and U to the peak of the I data, and this may not be appropriate for sources with extended polarized structure. Fig. 1 shows a comparison of the two methods, and demonstrates that for the majority of sources the two methods agree
well. Approximately 10% of sources show significant disagreement, mostly those with low polarized flux densities. In Table 2 , where the data are presented, detailed comments are given in cases where the two methods disagree.
Errors given in Table 2 are a quadrature combination of the random error, as output by aips, and the systematic calibration error, assumed to be 5% for 43 GHz and 22 GHz and 2% at 8.4 GHz.
Because the total polarization is a quadratic sum of Q and U , it is positive-biased; values of polarized flux density of three times the rms noise cannot therefore be regarded as significant detections. Many studies of this effect have been made. For example, Simmons & Stewart (1985) give a relation of estimated signal-to-noise, p o , and observed signal-to-noise p, in polarization for four different indicators. These all converge towards equality for p > 4 as p o = (p 2 − 1) 1/2 , and diverge strongly for p < 2, reaching values of 1 < p < 1.5 for p o = 0. The issue in these observations is complicated by the different values of rms noise in different images. Inspection of the images suggests that polarized flux densities of 10mJy are likely to be significant at all frequencies in both methods. interpolated if necessary to the date of our observation. Those sources which appear non-variable to 15% are plotted as separate symbols; it appears that our measurements compare well with the VLA calibration programme.
Comparison with WMAP fluxes
Ricci et al. (2006) comment that their AT20G flux densities from ATCA data on southern sources are systematically different from those of WMAP, in that the WMAP 30 GHz observations of flat spectrum sources seem to be low by a factor of about 1.2. Differences in this sense cannot be the result of resolution effects, since the larger beam of WMAP should result in a higher detected flux density in any resolved sources. We can investigate this with the northern-hemisphere 22-GHz data presented here, and the results are shown in Fig. 4 .
It is clear that there is a population of resolved sources, for which the WMAP flux densities at 22 and 43 GHz are higher than those of this work. A population of sources unresolved with either set of observations cluster around the line of equal flux density, although there will be some scatter induced by variability of sources between the two epochs of observation. At the 20% level, there is no evidence for the flux scales being significantly different at 22 GHz. There is marginal evidence at 43 GHz for slightly lower flux densities in these observations than in the WMAP observations, which may be an indication that even some relatively compact sources are beginning to be resolved at this frequency. It may also be a consequence of variability bias, in which some sources which are on average just below the 1-Jy limit, happened to be in a relatively high state when observed with WMAP. More ′ beam corresponds to a flux density of about 100 mJy between 20-30 GHz.
Comparison with CLASS
We now compare the 8-GHz data from this project with the polarization measurements made in CLASS , typically between 1990 and 1992, which are shown in Fig. 5 for sources with significant (6σ) polarization detections in both works. As expected, the total flux densities cluster around equal values for these point sources, but the polarized flux densities are lower for CLASS. Again, this is likely to be a resolution effect, since the CLASS observations were taken in A-configuration of the VLA, which has a maximum baseline a factor of 35 greater than that of the D-configuration used for these observations. We pick up more polarized flux in these D-configuration observations. The implication is that there is polarized emission present on arcsecond scales and therefore resolved out by CLASS. The relative degrees of resolution of the total intensity and polarized flux indicates that the structure being resolved out is more highly polarized than that which is not.
Position angle differences and multiple components
In Fig. 6 we plot the histograms of differences in position angle between 8-GHz and 22-GHz polarization, and between 22-GHz and 43-GHz polarization, for objects with significant detections of polarization, have contemporaneous polarization measurements at all three frequencies, and have no obviously heavily resolved structure. It is obvious that the two lower frequencies are less well correlated in polarization position angle. Correlation is, unsurprisingly, slightly worse if the CLASS 8-GHz observations are used in addition to the contemporaneous 8-GHz observations. There is no obvious difference in position angle correlation between brighter and fainter sources.
The obvious interpretation of these data are that significant Faraday rotation is present at the lower frequencies; since this effect is proportional to λ 2 , the angle of rotation would be expected to be about 6-7 times larger between the lower two frequencies. Galactic Faraday rotation is unlikely to be responsible for this effect, since the <100 rad m −2 typical of the Galactic foreground is an order of magnitude smaller than the rotations needed significantly to affect 8-GHz measurement, and indeed in our data there is no correlation of this rotation with galactic latitude. Zavala & Taylor (2004), in a study of parsec-scale polarization of quasar radio cores, find core RMs from 500 to a few thousand rad m −2 , and suggest that these are due to a foreground Faraday screen close to the radio jet. Such parsec-scale components are likely to dominate the 22-and 43-GHz flux densities. On the larger scales probed by the lowerfrequency observations, it is possible that in many sources there are multiple polarized components with different position angles. The fact that more polarization is detected here in D-configuration than in the A-configuration CLASS observations suggests that a more extended jet component, with a lower RM than the core, may be present.
Future high-sensitivity observations with e-MERLIN and the EVLA should reveal any such low surface-brightness components.
CONCLUSIONS
We have presented observations at 22 and 43 GHz of 199 of the 203 radio sources in the WMAP5 list of Wright et al. (2009) which have flux density >1Jy at 22 GHz, and observations at 8.4 GHz of 133 of these objects. The total flux densities are broadly consistent with those listed by WMAP. For the few objects with previous VLA observations of polarized flux densities, there is also good agreement. There is evidence for extra polarized flux density on arcsecond scales at 8.4 GHz compared to earlier observations at higher resolution. Polarization position angles are very similar at 22 and 43 GHz, but are much less well correlated with position angles measured at 8.4 GHz. This is likely to be due to multiple polarized components which make up the generally complex radio spectra of flat-spectrum radio sources. In a further paper we discuss correlations between the measured intensity and polarization parameters in more detail, and calculate the implications for future CMB polarization measurements of the distribution of polarized flux densities in these discrete sources.
ONLINE MATERIAL
The complete maps can be accessed at http://www.jb.man.ac.uk/∼njj/pol maps/. This figure includes, for each source, in columns from left to right, a plot of the correlated amplitude as a function of baseline length for each source, maps in Stokes I, Q and U , and a plot of the polarized flux vectors superimposed upon contours of Stokes I. For each object, rows are given corresponding to maps at 8, 22 and 43 GHz respectively. Plots of spectra can be accessed at http://www.jb.man.ac.uk/∼njj/pol spec/ and are given in units of log(flux density/mJy) against log(frequency/GHz). Filled circles are total intensity points, and open circles are polarized flux points measured by fitting to the (u, v) data. Stars are polarized flux points measured by maxima from the Q, U maps. 
